We report the experimental results of tuning the emission wavelength of InAs/ InP quantum dots ͑QDs͒ by varying either the GaAs interlayer thickness or the indium composition of the In x Ga 1−x As interlayer. The InAs QDs are grown on lattice-matched GaInAsP or InP buffers and are capped with an InP layer. As/ P exchange is prominent when the QDs are grown on an InP buffer. A model is developed which considers the As/ P exchange, gallium interdiffusion, strain, and barrier height. Our theoretical and experimental results show that gallium interdiffusion and the As/ P exchange reaction are mainly responsible for the observed shifts in the QD emission wavelength. The model shows that gallium interdiffusion from the interlayer to the InAs QDs grown on a GaInAsP buffer can be utilized to selectively tune the InAs QD emission wavelength over a wide range.
The potential use of self-assembled InAs quantum dots ͑QDs͒ on InP substrates in optical fiber communications ͑1.3-1.55 m͒ and atmospheric pollution control systems has attracted more efforts to grow them and understand their optical properties. There have been recent reports on the tuning of the emission wavelength of InAs/ InP ͑100͒ QDs grown on lattice-matched GaInAsP buffers by chemicalbeam epitaxy. 1 The photoluminescence ͑PL͒ wavelength of the InAs QDs blueshifts as the thickness of a thin GaAs interlayer grown between the QD layer and the GaInAsP buffer layer increases. It has been proposed that the thin GaAs interlayer may ͑i͒ consume the segregated indium layer on the GaInAsP buffer surface leading to a reduction in the QD height, ͑ii͒ reduce the As/ P exchange reaction at the interface of the InAs QDs and the GaInAsP buffer layers, and ͑iii͒ increase the gallium diffusion into the InAs QDs. The main cause was thought to be the suppression of the As/ P exchange reaction which reduces the QD height. But a recent report has suggested that the observed blueshift in the QD PL emission is due to gallium diffusion from the GaAs interlayer into the InAs QDs.
2 This report ruled out any As/ P exchange during QD growth or capping even though the QDs were grown on a GaInP layer and capped with a 50 nm thick InP layer. In another study, 3 a GaAs interlayer was grown after the InAs QD growth and a PL blueshift was observed with increasing GaAs layer thickness. The major cause was attributed to the strain effect for the ground-toground state transition. Although this report indicated the possibility of strain-induced interdiffusion, it was not considered in the theoretical energy state calculations. In this report we present experimental results of the tuning of the InAs QD emission wavelength with varying GaAs interlayer thickness and also varying indium composition of In x Ga 1−x As interlayers. We developed a model which considers both As/ P exchange and gallium interdiffusion in addition to strain and barrier height. Our results show that the emission wavelength of InAs QDs grown on a GaInAsP buffer can be selectively tuned. We also present experimental and theoretical results of the effects of a thin GaAs interlayer grown between the InAs QD and the InP buffer layers.
InAs QDs are grown on ͑100͒ semi-insulating ͑SI͒ InP substrates on either InP or lattice-matched GaInAsP ͑ g = 1.28 m͒ buffers using horizontal flow metal-organic chemical vapor deposition ͑MOCVD͒ at a pressure of 180 mbars. Trimethylindium ͑TMI͒, trimethylgallium ͑TMG͒, PH 3 , and AsH 3 are used as precursors and H 2 as the carrier gas. Following an oxide desorption step of the substrate at 700°C for 10 min under PH 3 , a 200 nm InP buffer layer is grown at 650°C. To grow QDs on the GaInAsP buffer, a 50 nm lattice-matched GaInAsP layer is grown on top of the InP layer at the same temperature. Then a GaAs interlayer with a thickness ranging from 0 to 0.6 nm is grown at 650°C. In some samples 0.6 nm thick In x Ga 1−x As interlayers of different indium compositions are grown in- stead of GaAs interlayers. The growth temperature is then reduced to 520°C without changing the group V precursor flow, and InAs QDs are deposited at the rate of 0.16 nm/ s. The QD deposition times are 5 and 8 s for GaInAsP and InP buffers, respectively. The InAs QDs are then capped immediately without any growth interruption with a 200 nm InP layer while the temperature is ramped up to 650°C. The same steps are followed to grow a top layer of InAs QDs for atomic force microscopy ͑AFM͒ measurements. Room temperature PL measurements are carried out using the 532 nm line of a frequency doubled diode pumped solid state ͑DPSS͒ laser. The PL signal is collected by a thermoelectrically cooled InGaAs photodetector with a built-in preamplifier after being dispersed through a 0.5 m monochromator.
The room temperature ͑RT͒ PL spectra of the InAs QDs grown with different GaAs interlayer thicknesses are shown in Fig. 1 . InAs QDs grown on a GaInAsP buffer without a GaAs interlayer show a broad and weak PL with a peak around 0.67 eV. Due to the insertion of a thin GaAs interlayer, the PL intensity increases and the linewidth decreases. The PL peak energy increases from 0.809 to 0.845 eV as the GaAs interlayer thickness increases from 0.3 to 0.6 nm. As confirmed by AFM and transmission electron microscopy ͑TEM͒ images ͑not shown͒, the QD mean height and diameter do not change significantly as the GaAs interlayer thickness varies from 0.3 to 0.6 nm. Therefore the increase in the QD PL emission energy with an increasing GaAs interlayer thickness cannot be explained in terms of the QD size only. It is most likely that some gallium interdiffusion from the GaAs interlayer into the QDs has occurred.
To verify the effects of interdiffusion from the interlayer, a 0.6 nm thick In x Ga 1−x As interlayer is grown between the QD layer and the GaInAsP buffer layer. As the indium composition ͑x͒ of the InGaAs interlayer is varied from 0 to 0.7, a relatively larger decrease in the PL peak energy ͑from 0.846 to 0.752 eV͒ is observed as shown in Fig. 2 . It can be noted that by changing the indium concentration ͑by changing x͒ of the In x Ga 1−x As interlayer, one can tune the emission wavelength of the QDs over a wide range in addition to changing the interlayer thickness as shown in Fig. 1 and also shown by Gong et al. 1 In order to quantify the effects of As/ P exchange, strain, barrier height, and gallium interdiffusion from the interlayer, the energy levels and wave functions are calculated using the eight-band k · p method 4 within the axial approximation. 5 The strain distribution is taken into account via the continuum mechanical model 4,5 and found using the finite element method. 6 In accordance with TEM and AFM measurements, lens shaped QDs of mean height h and mean diameter of 25 nm are assumed. A wetting layer of two monolayer ͑ML͒ thickness is also considered in the calculations. The calculated energy increase due to the insertion of a 0.6 nm GaAs interlayer if there is no change in QD composition ͑strain and barrier height effect 3 ͒ is only 12 meV, indicating that the experimentally observed shifts are mainly due to the influence of the interlayer on the QD composition. Therefore, in order to include the effects of the interdiffusion of InP from the capping layer, interdiffusion of GaAs from the interlayer, and As/ P exchange in the case of InP buffer, the composition of the QDs is taken as ͑In 1−y Ga y As͒ 1−z ͑InP͒ z in the calculation. The distribution of y and z throughout the QD is in principle a complicated function which is not known. In order to quantitatively model the above mentioned effects, we have adopted the effective molar content approximation and assumed that y and z are constant in the QD. This assumption is valid in the case of relatively small variations of QD content from the pure InAs considered in this work, when the energies of the QD electron and hole ground states depend rather on the average dot composition than on the details of composition distribution. One origin of InP content in the QDs is the InP capping layer and we assume that 5% InP is due to interdiffusion from the InP capping layer. Since the As/ P exchange reaction is not expected to be significant in InAs/ GaInAsP QD systems due to stronger Ga-As and Ga-P bonds in GaInAsP compared to In-As and In-P bonds, 1 we do not consider the effect of the As/ P exchange for the QDs grown on the GaInAsP buffer. It is therefore assumed that the only origin of gallium in the QDs is interdiffusion from the GaAs or the In x Ga 1−x As interlayer. Consequently, the amount of gallium in the QDs is assumed to be proportional to the amount of gallium in the interlayer and is expressed in the form y = 0.5͑1−x͒d, where d ͑in nanometers͒ is the thickness of the GaAs or the In x Ga 1−x As interlayer and the proportionality factor of 0.5 was chosen to fit the experimental results. The PL energies calculated as the difference between the lowest electron state in the conduction band and the highest heavy hole state in the valence band are shown in Table I . It can be seen that the calculated values are quite close to the experimental values and the above relationship can be exploited to choose either interlayer composition or thickness to get a particular InAs QD emission wavelength. The QDs grown without a GaAs interlayer have a large size distribution and their PL spectrum is quite broad. This makes it difficult to assign a specific peak position and reliably determine the QD dimensions which could explain the discrepancy between the experimental and theoretical values. The QD mean height reduces from 10 to 7.7 nm due to the insertion of the 0.3 nm thick GaAs interlayer but does not change with increasing GaAs interlayer thickness. These values of QD height are determined from AFM measurements and are used in the theoretical modeling. Our model shows that the increase in PL peak energy is mainly because of increasing gallium interdiffusion into the QDs as the thickness of the GaAs interlayer increases. Similarly, when the composition of the In x Ga 1−x As interlayer changes ͑x changes from 0.3 to 0.7͒, the QD mean height decreases first and then increases, the strain in the interlayer changes from tensile to compressive, and the barrier height of the interlayer decreases. But these three effects cannot fully explain the decrease in PL energy from 0.805 to 0.752 eV. Our model shows that gallium interdiffusion from the InGaAs interlayer should be taken into account for the observed shift in PL energy.
To see the effects of As/ P exchange, InAs QDs were grown on an InP buffer with and without a 0.6 nm GaAs interlayer. As shown in Fig. 3 , when a thin GaAs interlayer is grown between the InAs QD and the InP buffer layers, the PL energy decreases from 0.849 to 0.717 eV as opposed to that of InAs QDs grown on a GaInAsP buffer. A good agreement between theoretical and experimental results is obtained when it is assumed that there is 20% of InP in the QD due to As/ P exchange between the QD and InP buffer layers in addition to the 5% from the InP capping layer as shown in Table II . This implies that As/ P exchange is prominent in this case. However, when a 0.6 nm thick GaAs interlayer is grown between the QD layer and the InP buffer, it suppresses the As/ P exchange reaction significantly without causing any GaAs interdiffusion into the QDs. It is most likely that the GaAs interlayer forms a thin layer of GaAsP due to the As/ P exchange with the underlying InP layer. Hence this stabilizes the buffer layer and subsequently when InAs QDs are deposited, very little As/ P exchange takes place. Furthermore, since Ga-P bonds are stronger than Ga-As bonds, 1 very little gallium interdiffusion occurs in the QDs, as predicted by our model.
In conclusion, we show that gallium interdiffusion and the As/ P exchange reaction are mainly responsible for the observed shifts in the InAs QD PL as demonstrated by our theoretical and experimental results. In the case of InAs QDs grown on an InP buffer, As/ P exchange is prominent. Gallium interdiffusion from the interlayer to the InAs QDs grown on a GaInAsP buffer can be utilized to alter the InAs QD emission wavelength over a wide range which is technologically very attractive. Our theoretical model can be used to choose the interlayer width and/or composition for the desired QD emission wavelength.
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